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Summary
The study of Mendelian disorders that do not meet some
Mendelian expectations has led to an increased under-
standing of such previously obscure genetic phenomena as
anticipation. Split hand/split foot (SHSF), a human devel-
opmental malformation, demonstrates such distinctive
genetic features as reduced penetrance and variable ex-
pressivity. In this study, new pedigrees with defined ascer-
tainment confirm the existence of non-Mendelian trans-
mission characterized by the overtransmission of SHSF
from affected fathers to sons.
Introduction
The recent molecular characterization of genes responsi-
ble for several human developmental disorders has led to
an improved understanding of phenomena such as antici-
pation and variable expressivity. For example, anticipation
in myotonic dystrophy and Huntington disease, previously
ascribed to ascertainment bias, was found to be due to
expansions of trinucleotide repeats (Aslanidis et al. 1992;
Buxton et al. 1992; Fu et al. 1992; Harley et al. 1992;
Huntington's Disease Collaborative Research Group
1993). In this context it seems desirable to scrutinize other
human disorders that display distinctive genetic proper-
ties. Split hand/split foot (SHSF; also called ectrodactyly
or lobster claw deformity) is a human developmental mal-
formation that affects the central rays of the hands and
feet, resulting in deep median clefts in the distal extre-
mities, missing digits, and a clawlike appearance of the dis-
tal extremities. SHSF, usually transmitted in an autosomal
dominant pattern, demonstrates several properties that are
not understood at the molecular level. Approximately
30% of obligate carriers of an SHSF allele fail to show any
phenotypic abnormalities; this phenomenon is known
as reduced penetrance (Temtamy and McKusick 1978;
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Thompson et al. 1991). Variable expressivity, manifested
as a wide range of phenotypes of affected individuals, is
seen between kindreds, within kindreds, and even within
an individual (fig. 1).
A less well-established feature of SHSF is the reported
deviation from Mendelian segregation. It has been sug-
gested that affected sons of affected males occur in excess
of the expected 50%, violating the Mendelian principle of
random segregation of alleles. While deviation from Men-
delian transmission has been well described in several spe-
cies of insects, it has only been well documented once in a
mammalian system, that of the t-haplotypes in mice (re-
viewed by Lyttle [1991] and Silver [1993]).
The first reports consistent with the presence of non-
Mendelian transmission of SHSF were by Pearson (1908)
and McMullan and Pearson (1913) and were used at that
time to argue against the applicability of Mendelian prin-
ciples to humans! In 1960, Stevenson and Jennings evalu-
ated the SHSF pedigrees reported in the literature to that
date and found evidence to support the previous observa-
tion of an excess number of affected male children born to
affected males. However, Stevenson and Jennings included
the pedigree of McMullan and Pearson, biasing their re-
sults. Through analysis of newly collected pedigrees, as
well as reanalysis of published data, the present study re-
ports evidence to support the existence of non-Mendelian
transmission in SHSF, thus documenting the first example
of a well-defined human developmental disorder that dem-
onstrates this unusual phenomenon.
Subjects and Methods
Sample
The seven new pedigrees were ascertained through the
S.W. Thames Regional Genetics Service of the St. George's
Hospital Medical School, London. Every effort was made
to completely ascertain affected and unaffected individuals
in each pedigree. Pedigrees were collected without refer-
ence to the hypothesis of non-Mendelian transmission. All
available individuals were examined by one of us (M.A.P.
or T.H.) to assess their clinical status. To our knowledge,
none of these families is related to a previously published
kindred. The historical pedigrees include most of those
summarized by Stevenson andJennings's (1960) analysis of
all published SHSF pedigrees (those authors reviewed 14
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Figure I Phenotypic characteristics of typical SHSF in a father
and his daughter. The father's hands (top panel) show the characteristic
median cleft and absence of digits. His feet (not shown) are also severely
affected. The daughter (bottom panel) has only a mild abnormality of the
right hand, consisting of a deviated index finger. Her feet are severely
affected, with loss of the second toe, a deep median cleft, and syndactyly.
The different phenotypic characteristics seen in this father and daughter
illustrate the phenomenon of variable expressivity in which individuals
who presumably carry the same mutation may have varying severity of
involvement.
papers). Stevenson and Jennings included the strikingly
distorted pedigree reported by McMullan and Pearson
(1913), from which the hypothesis of non-Mendelian
transmission was originally generated. This is clearly not
an acceptable test of the hypothesis of non-Mendelian
transmission. Therefore, we deleted that pedigree from the
data. The combined sample refers to the new pedigrees
plus the historical pedigrees.
Statistical Methods
The null hypothesis of Mendelian transmission of the
SHSF allele from fathers to sons, versus the alternative hy-
pothesis of an excess number of affected sons, was first
tested in the new pedigrees. Mendelian autosomal domi-
nant inheritance and penetrance of .8 were assumed under
the null hypothesis. This penetrance estimate is conserva-
tive relative to the .7 estimate more commonly suggested
(Temtamy and McKusick 1978; Thompson et al. 1991),
allowing for inclusion of nonpenetrant individuals who are
obligate carriers. Under the null hypothesis, the probabil-
ity that each son of an affected male is affected equals .4,
the product of the probability of inheriting the SHSF allele
(.5) and the penetrance (.8). The alternative hypothesis is
that this probability is >.4, as suggested by previous stud-
ies. A binomial expansion was used to calculate the exact
probability of >i of n sons being affected. This probability
equals X7{n!/[i!(n-i)!]} (.4)'[(1 -.4)"-i].
If the previous result of an excess of affected sons of
affected fathers was confirmed, we combined the new and
historical pedigrees to allow formal testing of interaction
in the sex of the affected parent (parent sex) and the sex of
the offspring (offspring sex), in the prediction of SHSF in
the offspring. Logistic regression, including terms for off-
spring sex, parent sex, and multiplicative offspring sex
X parent sex interaction, was used to test their significance
in the prediction of affected status of the offspring. All
terms were included as dummy variables. Logistic regres-
sion terms that did not significantly predict case-versus-
control status were removed from the model in a stepwise
fashion by using a likelihood-ratio test to contrast nested
models. Statistical analyses were performed using the SPSS
statistical package, version 5.0. This method makes no as-
sumptions about the penetrance of SHSF.
Results
In the new pedigrees, 14 of 21 sons of fathers with SHSF
were affected. The exact probability of >14 (i>14) sons
being affected, under the assumptions of Mendelian au-
tosomal dominant segregation and penetrance = .8, was
.012, rejecting the hypothesis of Mendelian segregation
for these males.
The combined data are presented in table 1. Logistic
regression detected a significant parent sex X offspring sex
interaction term (x2=5.5; P=.02), as well as a marginal re-
sidual parent-sex effect (12=3.8; P=.052), and no signifi-
cant residual offspring-sex effect. This parent sex
Table I
Distribution of Affected Offspring in the Combined Sample,
Stratified by Parent Sex and Offspring Sex
MALE OFFSPRING FEMALE OFFSPRING
SHSF Unaffected SHSF Unaffected
Male parent ............ 91 49 50 55
Female parent ........... 48 58 43 45
Pearson:
X2 ............ 9.5 .03
P ........ ..... .002 .8
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X offspring sex interaction can be seen in the association
of parent sex with offspring affected status, in male but not
female offspring (table 1). Sixty-five percent of the sons of
affected males are also affected, significantly different than
the 50% expected under complete penetrance (X2=12.6;
P<.O005).
Finally, when the new pedigrees were first evaluated it
was noted that there was a deficit of female offspring born
to those, of either sex, with SHSF: 16 daughters and 33
sons were observed (X2=5.9; P=.02). In the historical data
230 daughters and 286 sons of affected individuals were
found (X2=6.1; P=.01). In the combined sample the pro-
portion of sons and daughters did not differ between
affected father and mothers (X2=0.3; P=.6).
Discussion
This analysis of newly collected pedigrees provides evi-
dence that the previously reported observation of an ex-
cess number of affected sons born to fathers with SHSF
is not an artifact of incomplete or biased ascertainment.
Further, we report the first formal test of interaction be-
tween the sex of parent and sex of offspring in the deter-
mination of affected status of the offspring. That >50% of
sons of affected males are affected indicates that complete
penetrance does not explain the excess of affected sons.
Further, when affected and unaffected sons are included,
affected males do not have a higher proportion of sons
than do affected females. Both affected males and affected
females appear to have an excess of male offspring.
Crow (1991) points out that segregation distortion, de-
fined as departure from normal Mendelian ratios, does not
require that a meiotic process be known to underlie the
departure. Thus the deviation from Mendelian expecta-
tions seen for SHSF may be termed segregation distortion.
Segregation distortion has not been documented for any
other human developmental disorder. The mechanism
that underlies segregation distortion in SHSF is unclear;
however, a good deal is known about the basis of non-
Mendelian transmission in the t-haplotype system of the
mouse. The complete t-haplotype is located on mouse
chromosome 17. The t allele is defined relative to w, the
wild-type homologue, by four nonoverlapping inversions,
which inhibit recombination. Males with one t and one w
haplotype transmit the t >50% of the time. Similarly, in
the well-studied system of segregation distortion in Dro-
sophila, heterozygous males produce non-Mendelian ra-
tios, but heterozygous females produce Mendelian results
(Sandler et al. 1959; reviewed by Crow 1991), and, again,
inversions suppress recombination (Hartl 1975). In Dro-
sophila this reduced recombination is necessary to main-
tain haplotypes of an enhancer locus, which acts most
effectively when in cis with the segregation distortion allele
(Ganetsky 1977; Brittnacher and Ganetsky 1984). It is no-
table that a large number of cytogenetically visible chro-
mosomal rearrangements at 7q21-q22 have been reported
in association with human SHSF. Thus, in families with
SHSF that demonstrate segregation distortion, it will be of
particular interest to scrutinize the 7q21-q22 region for
inversions.
While non-Mendelian transmission of an SHSF allele
from male, but not female, parents may be related to sper-
matic viability as seen in Drosophila (Hartl et al 1967; Ni-
coletti et al. 1967), the question of why excess disease
should occur only in the male offspring of the affected
males remains unanswered. The excess of all male off-
spring, regardless of the sex of the affected parent, is sim-
ilarly unexplained, but it may be related.
It will be important to analyze additional pedigrees to
either support or refute these findings. Both intralocus and
interlocus heterogeneity may exist in SHSF (Palmer et al.
1994), and thus it is possible that only certain mutant al-
leles or one particular locus may demonstrate segregation
distortion.
In conclusion, the data presented here suggest that in
addition to reduced penetrance and variable expressivity,
SHSF demonstrates another distinctive genetic character-
istic, that of segregation distortion. On isolation of the
gene, it will be possible to investigate the intriguing genetic
characteristics of this disorder at the molecular and cellu-
lar level.
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